Switches in perceptual dominance resulting from either binocular rivalry or flash suppression likely involve some mechanism of interocular suppression, although it is unclear from past research whether different mechanisms are involved in the two cases. Using monocular, centrally fixated sinusoidal gratings surrounded by contiguous annuli of rivalrous gratings, suppression of the entire central grating was possible using either technique. However, the magnitude of the suppression was unaffected by the presence of an ipsilateral surround for flash suppression, yet, for binocular rivalry, suppression no longer occurred when the surrounds were fusible. Nevertheless, computational modeling demonstrates that the differences between the techniques may be attributable to the sustained versus transient stimulation of the contralateral surround, with the magnitude of the suppression proportional to the activation of the contralateral surround. Consistent with this, suppression extends over a greater distance at the onset of the contralateral surround than during sustained rivalry. Therefore, it is likely that perceptual dominance in both binocular rivalry and flash suppression is based on the same mechanism of interocular suppression.
Introduction
Under normal viewing conditions, a fixated object is projected as a similar luminance pattern to the fovea of both eyes. Any dissimilarities in the projected patterns are due to the three-dimensional structure of the object and the relative positioning of the eyes. From the differences, local depth information about the object can be extracted. However, on occasion, a nearby object may obstruct the line of sight of one eye such that the luminance pattern on the fovea of each eye is quite different. Amazingly, we generally experience very little disruption in visual resolution or misperception of the world, as our visual system can locally select the visual information from one eye while suppressing the visual information from the other.
In the laboratory, this interocular selection process has been studied extensively in the form of binocular rivalry, wherein different stimuli are presented selectively to each eye. Under these conditions, we generally perceive stochastic switches in perception between the stimulus of one eye and the stimulus of the other eye. The proposed mechanism for the selection process is interocular inhibition given that, among other things, a reduction in contrast sensitivity (Blake & Camisa, 1979; Fox & Check, 1972; Hollins & Bailey, 1981; Norman, Norman, & Bilotta, 2000) , an increase in response time (Fox & Check, 1966) , and a reduction in motion after effect (Blake, Tadin, Sobel, Raissian, & Chong, 2006) have been observed in the suppressed eye. However, interocular selection is not based exclusively on the global input from one eye or the other, as coherent patterns can be observed that are based on piecing together parts of both eyes; this phenomenon is more consistent with the notion of local competition (Diaz-Caneja, 1928 , translated by Alais & Blake, 1999; Alais, O'Shea, Mesana-Alais, & Wilson, 2000; Kovács, Papathomas, Yang, & Fehér, 1996) . That is, binocular rivalry may exist between local regions of visual space with conflicting information without requiring complete competition between the two eyes.
Different methodologies other than the standard binocular rivalry technique have recently been developed to further study interocular suppression in ways that were previously not possible. The flash suppression technique, wherein a change in a stimulus attribute of one eye leads to its immediate perceptual dominance, allows one to bypass the stochastic nature of binocular rivalry and control when one eye will become dominant (Tsuchiya, Koch, Gilroy, & Blake, 2006; Wolfe, 1984) . Similarly, continuous flash suppression allows for extended periods of dominance of one eye over the other by rapidly updating a complex stimulus image in one eye so that it remains dominant over the other for extended periods of time (Tsuchiya & Koch, 2005; Tsuchiya et al., 2006) . Perceptually, for spatially overlapping stimuli, the effect is identical for each technique, as the stimulus in the dominant eye is perceived while the locally incompatible, non-dominant stimulus in the other eye is completely suppressed from visibility. A way to potentially distinguish between the perceptual consequences of the different techniques is to study the effect on nearby regions in space that do not have the same sort of locally incompatible information. That is because although interocular suppression is likely a relatively local, spatially restricted process, it does spread to nearby regions of visual space (Blake, O'Shea, & Mueller, 1992; Kaufman, 1963; Wilson, Blake, & Lee, 2001) .
Even though the perceptual consequences of binocular rivalry and flash suppression are identical for overlapping stimuli, it has not yet been established whether they are based on the same or different suppressive mechanisms. One recent study that examined the strength of suppression over time found that although the magnitude of the inhibitory effect for flash suppression was greater than for sustained binocular rivalry, it was of no greater magnitude than when the flash suppression was added to ongoing binocular rivalry, i.e. when the flash was the cause for a perceptual switch (Tsuchiya et al., 2006) . Although the difference in suppression magnitude suggests the possibility for different mechanisms being involved, the lack of any additive suppressive effects is also consistent with the same mechanisms being involved in both cases, with the different suppression magnitudes resulting from the manner of stimulation.
The current study seeks to explore whether binocular rivalry and flash suppression are based on the same or different mechanisms of interocular suppression. Experiments will be done by examining suppression of a centrally fixated, monocular grating as a result of binocular rivalry or flash suppression at a nearby region of space. Because prolonged viewing of annuli gratings with orthogonal orientations in the two eyes results in stochastic switches in the dominant orientation, if another grating is included in the central portion of the annulus of one of the eyes, then the center grating may be suppressed also, concomitant with the dominance of the surround grating in the opposite eye (see Fig. 1A ). Such a stimulus paradigm has the advantage of generating suppression at a spatial location different from that of the direct rivalry, such that potential differences in the perceptual consequences of binocular rivalry and flash suppression may be observed.
Experiment 1: Interocular suppression at stimulus onset
Preliminary observations of the stimulus described above revealed that it was possible for the center grating to occasionally become completely invisible, although the cause of the suppression from visibility could not be immediately ascertained. Due to the spatial structure of the stimulus, it is possible that the suppression of the center grating-the target stimulus-occurred due to either surround suppression from the high contrast annulus or spreading competition from interocular rivalry within the annulus. Surround suppression is a general phenomenon that occurs when the response to a stimulus, such as the firing rate of neurons (e.g. DeAnglelis, Freeman, & Ohzawa, 1994; Hubel & Wiesel, 1965) or psychophysical contrast sensitivity (e.g. Petrov & McKee, 2006) , is reduced by the presence of a high contrast stimulus around it. Although surround suppression may be responsible for a slight reduction in activation caused by the center grating, it is unlikely to be the only cause of the complete suppression of the center, as its effects are generally observed as changes in contrast threshold, not complete masking of large, suprathreshold stimuli. Spreading competition from locations of direct binocular rivalry does sometimes suppress nearby monocular stimuli (Kaufman, 1963) , and the spread of suppression is likely responsible for occasions of complete dominance with extended patterns (Blake, O'Shea, & Mueller, 1992) .
Surround suppression has been found to be of similar magnitude whether the center and surround are presented to the same or opposite eyes, implying a locus of processing after binocular combination (Petrov & McKee, 2006) . If the suppression of the target here is entirely due to a surround suppression effect that occurs after binocular combination, then similar amounts of suppression may be found whether the surround is presented to the same eye or opposite eye as the target and it may be possible to suppress the target whether it is presented monocularly or binocularly. However, if interocular competition is a necessary component of suppression from visibility, then suppression would be observed when the surround is presented to the opposite eye (contralaterally), but not when it is presented to the same eye (ipsilaterally). Also, if suppression from visibility of the target requires a uniform field in the other eye to replace it as the dominant percept, then the monocular presentation of the center grating would be necessary for suppression to occur.
Furthermore, an important question regarding interocular suppression is the effect that the ipsilateral surround has on the suppressive strength of the contralateral surround. On the one hand, if the mere presence of the ipsilateral surround serves primarily to reduce the suppressive strength, then less suppression would be observed when it is present than when it is absent. On the other hand, if it is the relationship between the ipsilateral surround and the contralateral surround that is important, then the presence of an ipsilateral surround may serve to either increase or decrease the amount of suppression. That is, if spatially local conflicting information in the two eyes is a necessary component for interocular suppression, then suppression from visibility of the target would be greatest when the surrounds are rivalrous, and therefore suppressing one another in a competitive fashion, and least when they are fusible and not competing. Presentation of the surround to the contralateral eye only may result in intermediate amounts of suppression as it will likely still be competing with the target grating in the opposite eye, but to a lesser degree than it would with a rivalrous surround in the opposite eye.
Participants
Four individuals, including one of the authors, participated, with all but the author naïve to the purposes of the study. All were well practiced in psychophysical experiments and had normal or corrected-to-normal vision. Those who required glasses wore them during all experimental sessions.
Stimuli
The stimuli presented during the adaptation period and test period of each trial depended on the condition (see Fig. 1B ). A centrally fixated circular patch of grating was presented to either one eye-monocular target-or both eyes-binocular target. A surround annular patch of grating was also presented to either one eye or both eyes. For monocular target trials, the surround annulus was presented to the same eye (ipsilateral surround only), the opposite eye (contralateral surround only), both eyes with the same orientation (fusible surrounds), or both eyes with orthogonal orientations (rivalrous surrounds). For binocular target trials, the surround annulus was either presented to both eyes with the same orientation (binocular control 1) or to only one eye (binocular control 2). For the condition with a monocular target and rivalrous surrounds, the central target grating and the ipsilateral surround grating were presented for both the adaptation and test periods, but the contralateral surround grating was presented during only the test period. For the other conditions, the target was presented for both the adaptation and test periods but any surround annuli were presented during just the test period.
Stimuli in both eyes were surrounded by a ring with a radial grating pattern that was 6 min wide and located 6 min away from the outer edge of the surround annuli to assist in maintaining proper convergence alignment of the two eyes. Both the target and surround gratings had a spatial frequency of 2 cpd and a Michelson contrast of 0.5. The inner diameter of the surround annulus was 1.8 deg and the outer diameter was 4.25 deg. The diameter of the target was 1.7 deg. The target grating was oriented either vertically or horizontally, whereas the surround gratings were orientated either 45 deg clockwise or counterclockwise from vertical. This was done to minimize any effects of collinear facilitation between the target and ipsilateral surround (Alais & Blake, 1999; Fukuda & Blake, 1992; Polat & Sagi, 1993) .
All stimuli were presented on a LaCie Electron 22Blue IV 22 in. monitor with 800 Â 600 resolution, 120 Hz refresh rate controlled by a Power Mac G5 computer running VPixx v2.20 software (VPixx Technologies Inc., Longueill, Canada, www.vpixx.com). Stimuli were viewed through Crystal Eyes 3 liquid crystal shutter glasses (StereoGraphics Corporation, REAL D Scientific Corp.) in a darkened room and the mean luminance of the monitor was 35 cd/m 2 (10 cd/m 2 measured through the shutter glasses). The amount of measured leakage between the two eyes for the shutter glasses was around 6%.
Procedure
Participants pressed a key to begin a trial. They were instructed to maintain fixation in the center of the screen, which corresponded to the middle of the target and the middle of the space en- For Experiment 1, using flash suppression, participants reported the proportion of the target grating that was visible during the test period, which was converted into a suppression rating for data analysis. The suppression rating scale was: (0) The entire target was visible. (1) More than half of the target was visible. (2) Less than half of the target was visible. (3) None of the target was visible, i.e. a uniform gray field was perceived. For Experiment 2, using binocular rivalry, participants reported whether or not any portion of the target was visible. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
closed by both the surround annuli and the peripheral ring. A flash suppression methodology was used. Each trial consisted of a 4000 ms adaptation period, a 500 ms test period, and then an indefinite response period during which only the peripheral fixation ring was presented. After a response was made, the entire stimulus disappeared and the screen remained blank until the spacebar was pressed to initiate the next trial. Participants were instructed to rest whenever needed both between trials and between blocks.
The change in the dominant percept in the surround following the adaptation period as a consequence of the flash suppression methodology was perceptually salient enough to serve as a signal to the participants as to when the test period began. The response given after the test period indicated the proportion of the target grating that was still visible after the surround changed: (a) all, (b) more than half, but not all, (c) some, but less than half, (d) none. Representations of possible percepts are shown in Fig. 1C . The proportion of target visibility was converted to a suppression rating for data analysis. The rating scale was as follows; 0: the entire target grating remained visible, 1: more than half of the target grating remained visible, 2: less than half of the target grating remained visible, or 3: none of the target grating remained visible, i.e. there was a uniform gray field within the annulus.
Design
The orthogonal combination of eye presentation (target in leftor right-eye), orientation of the target grating (vertical or horizontal), orientation of the surround grating (45 or 135 deg), and the six presentation conditions resulted in 48 distinct trials that were presented in random order two times each per block. Eye presentation and surround grating orientation were varied for counter-balancing purposes and target grating orientation was varied to reduce retinal adaptation effects. Each presentation condition was run 16 times in each of six blocks that lasted approximately 12 min each.
Results
Average data across participants are graphed in Fig. 2A . For all participants, suppression ratings were consistently higher in the monocular target conditions that contained a contralateral surround than in the monocular target condition with an ipsilateral surround only and the binocular control conditions, which all had minimal suppression. Although individual participants showed significant differences between some of the monocular target conditions, there were no consistent effects across participants (see Fig. 2B ). The statistical reliability of the overall trend that the suppression was due to the contralateral surround was assessed with a general ANOVA (F(5, 15) = 25.49, p < .0001) and posthoc testing was done to compare differences between individual conditions. A Tukey post-hoc test on the mean suppression ratings across participants for the different conditions resulted in a significant difference (|q| > 8.39, p < .001) for each of the comparisons between conditions with both a monocular target grating and a contralateral surround to each of the other conditions, and a non-significant difference (|q| < 1.20, p > .96) for all other comparisons. An identical pattern of significant and non-significant differences was found when paired t-tests were done between each of the conditions.
To confirm that subjects could reliably report the proportion of the target that remained visible following the onset of the surrounds that signaled the beginning of the test period, two additional naïve participants, along with one of the authors, were run in a set of trials with unambiguous, binocularly presented target gratings that were filtered by a Gaussian window of different sizes, intermixed with the three experimental conditions for which suppression of the target grating consistently occurred. All three participants were able to qualitatively distinguish the proportion of the Gaussian blurred target that was visible and showed the same pattern of results as found in the original experiment (see Supplementary Figure 1 ).
Discussion
A clear pattern of results emerged that monocular presentation of the target and a surround in the contralateral eye were both necessary and sufficient for maximum suppression. This is important for two reasons. First, the suppression from visibility is due to interocular competition, as evidenced by suppression when there was only the surround in the contralateral eye, but not when there was only the surround in the same eye. Surround suppression after binocular combination could not account for these results. Second, the presence of the ipsilateral surround did not affect the suppression from the contralateral surround. The strength of the suppression, on average, was the same whether the ipsilateral surround was absent, rivalrous with the contralateral surround, or fusible with it. Therefore, at least at the initial transient onset of the stimulus, the suppressive effect of the contralateral surround works independently of the ipsilateral surround.
Experiment 2: Interocular suppression in binocular rivalry
It was found in Experiment 1 that interocular suppression was a necessary component for the suppression from visibility of the target grating and that the ipsilateral surround had little or no modulatory effects on the strength of the suppression. During binocular rivalry, however, there is a clear difference in the magnitude of competition at a particular spatial location resulting from rivalrous stimuli and non-rivalrous, fusible stimuli (Fox & Check, 1966 ). It is possible, then, that the observed lack of a modulatory effect of the ipsilateral surround was due to the transient stimulation in the flash suppression methodology, and different results might be found using a binocular rivalry methodology, i.e. sustained stimulation. Therefore, the effect of the ipsilateral surround on the strength of the interocular suppression from the contralateral surround on the target grating was tested with periods of prolonged viewing of the target and surround annulus.
Participants
Six individuals participated, four of whom also ran in Experiment 1.
Stimuli
Only the conditions that resulted in suppression from visibility of the target using the flash suppression methodology in Experiment 1 were tested. They were conditions with a monocular target grating and surround annuli presented to either (A) both eyes, having orthogonal orientations, such that the surrounds were rivalrous, (B) both eyes with the same orientation, such that they were fusible, or (C) just the contralateral eye. The stimuli for the adaptation and test phases were the same as in Experiment 1 and are shown in Fig. 1B. 
Procedure
Participants pressed a key to begin a trial. They were instructed to maintain fixation in the center of the screen, which corresponded to the middle of the target and the middle of the space enclosed by both the surround annuli and the peripheral ring. Each trial consisted of a 10 s adaptation period, a 60 s test period, and then a 10 s rest period during which only the peripheral fixation ring was presented to allow for the dissipation of afterimages. (A longer adaptation period was used in relation to Experiment 1 to foster the complete suppression of the target.) Participants pressed a key to indicate when the target disappeared completely and then another key to indicate when any portion of the target reappeared. Participants were instructed to rest whenever needed both between trials and between blocks.
Design
The orthogonal combination of eye presentation (target in leftor right-eye), the orientation of the surround grating (45 or 135 deg), and the three presentation conditions, resulted in 12 distinct trials that were presented in random order. Eye presentation and surround grating orientation were varied for counter-balancing purposes and thus were not explicitly considered individual conditions. Each presentation condition was run four times in each of four blocks that lasted approximately 15 min each.
Results
Average data across participants are graphed in Fig. 3A . An AN-OVA confirmed the statistical significance of a modulatory effect of the ipsilateral surround (F(2, 10) = 19.40, p < .0001). Tukey posthoc tests between the individual conditions revealed that the amount of suppression with rivalrous surrounds and a surround in the contalateral eye only were both significantly above the amount of suppression when the surrounds were fusible, but not significantly different from each other (Rivalrous À Fusible = 8.04, |q| = 8.61, p < .001; Contralateral Only À Fusible = 5.54, |q| = 5.93, p < .005; Rivalrous À Contralateral Only = 2.50, |q| = 2.67, p = .19). However, four out of the six participants showed the same trend, with the most suppression from visibility of the target when the surrounds were rivalrous, less suppression when there was only the surround in the contralateral eye, and very little suppression when the surrounds were fusible (see Fig. 3B ).
Discussion
The ipsilateral surround was shown to have a strong modulatory effect on the suppression of the target grating by the contra- lateral surround. Specifically, the greatest suppression occurred when the surrounds were rivalrous, the least suppression when they were fusible, and in-between when the ipsilateral surround was absent. A likely reason for the rivalrous surrounds resulting in more suppression than the fusible surrounds is the transient rise in activation that occurs when one surround returns from suppression and becomes dominant. Fusible surrounds do not have similar cycles of suppression and dominance, but rather remain at a relatively sustained level of activation (Fox & Check, 1966) . It is worth noting that similar oscillations in activation also occurred when the ipsilateral surround was absent. Both the target and the contralateral surround waxed and waned in activation, sometimes even disappearing completely. Although not experimentally confirmed, it seemed that the center grating was suppressed the most when the opposite surround increased quickly in perceptual strength, presumably undergoing a transient rise in activation similar to that which occurs when returning to dominance in the rivalrous surrounds condition. It is possible that the occasional disappearance of the gratings occurred due to either Troxler's fading or, as we believe, due to suppressive interactions between the target and the contralateral surround. Because of the large size of the gratings, the frequency of disappearance over a 1-min trial, and the foveation of the target grating, in particular, it is unlikely that Troxler fading can completely account for all of the fading from visibility of the gratings. Even though the disappearance of a central target was not reported previously under similar stimulus conditions (Fukuda & Blake, 1992; Levelt, 1965) , seemingly indicating a lack of interocular competition between the central target and a contralateral surround annulus, the current study used a smaller separation between the central target and the surround and the size of the central target and surround were larger, both of which would be expected to increase the magnitude of any interaction. The greater frequency in disappearance of the target grating for the contralateral only surround condition compared to the fusible surround condition also argues against Troxler fading and/or surround suppression being the cause of the fading from visibility and supports interocular competition between the contralateral surround and the target grating.
Model
Given that a different pattern of results was found in Experiments 1 and 2 using the flash suppression and binocular rivalry methodologies, it is possible that interocular suppression is based on different mechanisms in the two cases. However, interocular suppression may have been based on the same mechanism in both instances, with the different results being due to the suppressive mechanism operating at different levels of activation over time and demonstrating different time courses in activation for the different stimulus conditions. That is, suppression of the target may reasonably occur whenever the suppressive mechanism is sufficiently active, but with the two methodologies sampling from different points along a particular temporal activation function due to the transient versus sustained time course of the two methodologies.
The essential dynamics of binocular rivalry can be explained by activation-dependent reciprocal inhibition and activation-dependent self-adaptation (Wilson, 2007) . The reciprocal inhibition allows for two competing dynamic variables (actually representing firing rates in neural populations) to establish a winner/loser pairing such that only one is above perceptual threshold at any given moment in time, even though they both receive the same amount of stimulus activation. The self-adaptation reduces the activation of the dominant variable over time, whereas recovery from adaptation can result in an increase in activation of the non-dominant variable, because of its low levels of activation. This allows for switches between the dominant variable and the suppressed variable as the reduced inhibition strength is no longer sufficient to suppress the non-dominant variable. The activation of the nondominant variable quickly rises to a level that is sufficient to suppress the previously dominant variable and a perceptual switch occurs.
These two components of dynamic interaction and self-adaptation are also sufficient to account for the experimental results observed in the above studies and, furthermore, for the qualitative differences in the results between the flash suppression and the binocular rivalry methodologies. The basic results of Experiments 1 and 2 are that using the flash suppression methodology, equal amounts of suppression of the target resulted whether the ipsilateral surround was rivalrous with the contralateral surround, fusible with the contralateral surround, or completely absent, but with the binocular rivalry methodology, the greatest amount of suppression of the target resulted when the surrounds were rivalrous, less was observed when the ipsilateral surround was absent, and hardly any suppression was observed when the surrounds were fusible. Simulations of a basic binocular rivalry model (see Fig. 4A and B) demonstrate that the seemingly different effects from the two methodologies can actually result from the same mechanism operating at either adapted or unadapted activation levels. The model is simple in that it extends a basic rivalry model of interaction between the surrounds (Lehky, 1988; Noest, van Ee, Nijs, van Wezel, 2007; Wilson, 2005) to also include unidirectional inhibition from the contralateral surround onto the central target to account for suppression of the target (consistent with Stollenwerk & Bode, 2003; Wilson et al., 2001) .
The effect of an interocular suppressive mechanism operating at different points along a temporal activation function can best be seen by comparing the predicted activation functions of the surrounds when they are either rivalrous or fusible with one another. First consider the case where the surrounds are rivalrous. Following the initial adaptation period during which the ipsilateral surround is present, oscillations in activation occur for both of the surrounds as they alternate in perceptual dominance (Fig. 4C) . With the basic assumption that suppression of the target occurs whenever the activation of the contralateral surround is sufficiently high (Fig. 4D) , then suppression of the target occurs following a transient rise in inhibition when the contralateral surround first appears, as in the flash suppression methodology, or becomes dominant during alternations in perception, as in the binocular rivalry methodology (Fig. 4E) . The multiple periods of dominance of the contralateral surround would therefore result in large portions of time for which the target is suppressed. Second, consider the case where the surrounds are fusible (Fig. 4, right-hand column) . With fusible surrounds represented by removing the inhibition between the surrounds (setting x ss = 0), the target is still suppressed at stimulus onset, as in the flash suppression methodology, due to a large magnitude transient rise in activation of the contralateral surround and prolonged adaptation of the target. However, during the prolonged sustained activation of the contralateral surround, the strength of the inhibition is expected to drop to a level that is insufficient for suppression to occur because of the activationdependent self-adaptation of the contralateral surround. Therefore, suppression of the target can occur at the initial onset of the fusible surrounds, but not during prolonged viewing, accounting for the disparate findings between flash suppression and binocular rivalry that were found in Experiments 1 and 2.
By the above logic, suppression of the target when the ipsilateral surround is absent would occur for the binocular rivalry methodology if there were also transient rises in activation of the contralateral surround during the period of prolonged stimulation. Weak inhibition from the target onto the contralateral surround is sufficient for this to occur and is expected to be the case because of the alternations in perception of both the target and the surround during these trials experimentally, where the center was often suppressed soon after the surround returned from occasional fading out of visibility (see Section 3.6).
The above experiments explored the interocular conditions which led to suppression of the target pattern, in order to categorize the relevant inputs to the suppressive mechanism. Another important aspect of the interocular suppressive mechanism is its spatial spread. A number of different studies have examined the spatial spread of suppression during binocular rivalry and found that although suppression is strongest within 30 arc min, it can extend as far as 1.5 deg from suppressive surrounds (Kaufman, 1963; Liu & Schor, 1994) . Of particular interest to the current study is what would be expected regarding the spatial spread of suppression, given the previous findings with binocular rivalry, if the same suppressive mechanism was involved in flash suppression. Specifically, how would the measurement of the spatial spread of suppression be expected to differ for flash suppression compared to binocular rivalry?
If flash suppression and binocular rivalry both involve the same suppressive mechanism, then measurements of the spread in interocular suppression should be restricted by the same limited extension of suppression from a particular suppressive stimulus. The spatial extent of suppression is well characterized by a decreasing monotonic function of space (Kaufman, 1963) . As theorized by Kaufman, the amount of a monocular target that is suppressed between two flanking suppressor bars can be used to estimate the spatial spread in suppression (see Fig. 5A and B) . This assumes that the amount of suppression is proportional to the magnitude of the combined suppressive influence of both of the flankers. With that in mind, the amount that the monocular target is suppressed is dependent both on the intrinsic spatial spread of suppression from the flankers, as well as the activation level of the flankers (Wilson et al., 2001 ). As we believe that the magnitude of activation is higher at the initial onset of the flankers than during periods of sustained rivalry, then the measured spread of suppression is expected to be greater at the initial onset of the flankers than during periods of sustained rivalry (see Fig. 5C and D) . Therefore, the measured spatial spread of suppression is expected to be larger for flash suppression than for binocular rivalry, even if the underlying mechanism is the same.
Experiment 3: Measures of the spatial spread of suppression
The conditions that are necessary and sufficient to trigger interocular suppression were investigated in Experiments 1 and 2 to understand the nature of the suppressive mechanisms that are involved in binocular rivalry, flash suppression, as well as other circumstances, such as the 'halos' in perception that surround monocularly presented stimuli (von Helmholtz, 1962; Kaufman, 1963) . A highly important property of any suppressive mechanism is its spatial extent. This has been studied previously using standard binocular rivalry techniques (Kaufman, 1963) , as well as using a flash suppression technique (Liu & Schor, 1994) . Here, we will directly compare measurements of the spatial spread of suppression found using flash suppression and binocular rivalry by examining the extent of suppression at the initial onset of the suppressive stimuli and during subsequent periods of sustained stimulation.
Participants
Four individuals, including one of the authors, participated, with all but the author naïve to the purposes of the study. Two of the four also participated in Experiments 1 and 2. All were well practiced in psychophysical experiments and had normal or corrected-to-normal vision. Those who required glasses wore them during all experimental sessions.
Stimuli
Our stimulus paradigm was a modification of the suppression field stimuli used by Kaufman (1963) , and Liu and Schor (1994) that consisted of one target pattern with an orthogonal orientation to two suppressor patterns. A centrally fixated horizontal bar was presented to one eye and two vertical bars, symmetrically spaced around the fixation location, were presented to the other eye. See 
Procedure
Participants pressed a key to begin a trial. They were instructed to maintain fixation on the dot in the center of the screen, which corresponded to the middle of the target. After the key was pressed, the target appeared, without the suppressors, to start an adaptation period. Following 10 s of adaptation, the suppressors appeared to the other eye, while the target remained constant, to start the test period. Throughout the test period, which lasted for 30 s, both the suppressors and the target were present. During the course of a typical trial, the central portion of the target part faded in and out of visibility, with disappearance often starting near the suppressors and spreading inwards (see Fig. 6B ). Participants pressed a key to indicate whenever the region of the target between the suppressors disappeared completely and then another key to indicate when any portion of the target between the suppressors reappeared. Following the test period, the target and suppressors were removed, leaving only the fixation dot, for 10 s, to allow for the dissipation of afterimages. Each trial lasted a total of 50 s. Participants were instructed to rest whenever needed both between trials and between blocks.
Control conditions were also included for which the target bar and suppressor bars were presented binocularly, such that the frequency with which disappearance from visibility occurred could be controlled for the range of separations. These consisted of some trials during which the target bar remained visible throughout the test period and some trials for which the whole target bar periodically disappeared and reappeared, following a time course similar to what is experienced perceptually (see Fig. 6B ). The separations of the suppressors that were used for the control conditions were 1.0, 3.0, and 7.0 deg. Participants were able to correctly report the disappearance and reappearance of all of the control stimuli. 
Design

Results
The data were analyzed separately for periods of suppression that started within the first 2 s following the onset of the suppressors, to measure the extent of suppression during the initial transient phase of activation, and for the remainder of the test period, to measure the extent of suppression during the sustained phase of activation. Average total suppression time, across participants, for both the transient and sustained phases is graphed in Fig. 7A . The comparison of interest, however, is the rate at which the relative amount of suppression decreases as a function of suppressor separation. As such, the amount of suppression time, normalized with respect to the amount of suppression for the smallest separation, is plotted in Fig. 7B . Bootstrapping was performed to assess the reliability that the two curves actually came from separate populations, instead of a single population (Mooney & Duval, 1993 ues for each of the five separations, after combining the data from the initial phase and the sustained phase. For each simulated group, the distribution of fitted curves was calculated by another bootstrapping procedure that randomly selected 20 data points, with replacement, for each group separately and independently fit them with an exponential decay function. Based on the bootstrapped distribution of curve fits, it was determined how likely the fit for a particular group would happen by chance if it is really from the same distribution of fits as the other group. The largest pvalue for the two comparisons was taken as the output for a particular simulation. Based on 2000 experimental simulations of randomly sampling the data into two groups, with 10,000 simulations to calculate the distribution of curve fits per experimental simulation, it was determined that the likelihood of generating, by chance, two curves as far apart as the ones measured experimentally was less than 2%. Therefore, it was concluded that the initial transient phase and the sustained phase follow different slopes. Fits using exponential decay functions demonstrated that the amount of suppression, as a function of distance, decreased faster for the sustained phase (normalized suppression time = e À0.44(separation À 1) ) than the transient phase (normalized suppression time = e À0.28(separation À 1) ).
Discussion
The rate at which suppression decreased as a function of the separation of the suppressors was found to be different for the initial transient phase and the sustained phase. Specifically, suppression was found to extend across a greater distance at the initial onset of the suppressors, i.e. using flash suppression, than during the prolonged presentation of both the suppressors and the target, akin to binocular rivalry. This means that when the suppressors were first turned on, the whole target pattern between the suppressors was often suppressed, even for separations of 5 and 7 deg. Then, for subsequent periods of time during which the suppressors became prominent and the target bar near them was suppressed, only portions of the target bar in the near vicinity of the suppressors was suppressed from visibility, which often did not reach the middle of the target bar for large separations.
During the initial transient phase of the test period, suppression of the target bar seemed to occur nearly instantaneously; the disappearance of the target bar quickly followed the onset of the suppressors and occurred at virtually the same time for the whole of the target bar that was suppressed. However, during the sustained phase, suppression of the target bar appeared to occur more in Normalized suppression time for the initial and sustained phases. Normalization was done, for each participant, in relation to the suppression time for the smallest separation used, independently for the initial and sustained phases. Curves were fit using an exponential decay function, with the restriction that the curve passed through the normalized value at the smallest separation. The 95% confidence intervals for the two curves were determined by bootstrapping, and are shown with the dotted lines. (C) The amount of time until the portion of the target pattern between the vertical indicator lines disappeared, measured from the time the triggers first appeared. For the experimental condition, where the target was presented monocularly and either a rivalrous grating (open diamonds) or a uniform field (filled squares) was presented to the other eye, the velocity of a traveling wave could only be measured for the condition with a rivalrous grating in the other eye. That is because, when the other eye contained a uniform field, the target was only suppressed when the triggers were close to the indicator lines. For the control condition, where the target and triggers were presented binocularly, the velocity of an unambiguous traveling wave, which was created by temporally modulating the visibility of the target, was measured. The similarity in the velocity found in the unambiguous condition compared to the experimental condition indicates that the time course by which the target grating was physically removed closely matched what occurred perceptually.
waves, with suppression at first extending away from the suppressors and then retreating back towards them as the target bar became more visible. This perceptual experience is illustrated in Fig. 6B . It is important to note that this time course of suppression is what would be expected for a fixed width, monotonically decreasing, interocular suppression field extending away from the suppressors, which is what has been assumed in the above modeling and in previous descriptions of similar findings (Kaufman, 1963 ; but spatially extended coherence in rivalry has also been attributed to excitationsee Blake, O'Shea, Mueller, 1992; Fukuda & Blake, 1992) . The perceptual 'waves' of suppression would be a consequence of the increasing and decreasing of the activation of the suppressors with alternations in visibility during rivalry with the overlapping portions of the target bar. However, another possibility that must be addressed is whether the perceived spreading of suppression over time is due to traveling waves of suppression that originate at the suppressors and move along the target bar. The possibility of traveling waves of suppression was studied using a similar paradigm to that used by Wilson et al. (2001) , to study traveling waves in binocular rivalry. Here, however, dominance of the target pattern was established through flash suppression, i.e. by pre-adapting the rivalrous pattern prior to turning on the target pattern (see Fig. 6B ). Also, trials were included for which there was no rivalrous pattern, but rather a uniform field was presented in the eye contralateral to the target grating. Traveling waves were observed for trials that contained a rivalrous pattern, but not for those that contained a uniform field (Fig. 7C) . This is not consistent with traveling waves of suppression, but is consistent with the description that Wilson et al., used for their original findings. That is, the observed traveling waves during rivalry are from a wave of 'disinhibition', such that what was previously suppressed became visible, reducing the amount of suppression on neighboring regions, which then allowed for nearby regions to become visible in turn. In order for a wave of disinhibition to propagate, the possibility must exist that the suppressed eye can locally establish dominance over the other eye. While this is true when there are rivalrous patterns in the two eyes, a monoculalry presented grating will remain dominant over a uniform field presented in the other eye for an extended period of time, only eventually fading from view after prolonged viewing, consistent with Troxler fading. Therefore, suppression of the monocular target pattern is believed to be due to direct suppression that extends away from the suppressor bars.
General discussion
Observed experimental differences in interocular suppression between flash suppression and binocular rivalry methodologies suggest the possibility that different mechanisms are involved in the two cases. For instance, a clear distinction was found regarding the modulatory effect that one eye has on the interocular suppression of the other eye, with essentially no modulatory effect with flash suppression, but a strong modulatory effect with binocular rivalry. Also, suppression of a monocular, horizontal target bar was found to extend across greater spatial distances at the initial onset of two vertical suppressor bars presented to the contralateral eye than following prolonged viewing of both stimuli. However, the observed experimental differences can be explained by differences in the temporal characteristics of the resulting activations. Dynamic modeling demonstrated that the observed differences are to be expected, given oscillations in periods of dominance for competitive stimuli and activation-dependent self-adaptation during periods of sustained dominance.
For the modeling presented here, which is characteristic of a wide range of models of binocular rivalry (Wilson, 2005) , the frequency of suppression of the monocular target pattern is expected to be in direct proportion to the activation of a contralateral stimulus and inversely proportional to the activation of the target pattern itself. That is, the higher the activation of the contralateral surround, the greater the suppression of the target pattern, but only if the target pattern is of sufficiently low activation itself. Low levels of activation, for suprathreshold stimuli, occur primarily through activation-dependent self-adaptation. Along these lines, the more time for which a target pattern is allowed to adapt, the greater the expected frequency of complete suppression from visibility. Also, if a blank period is included between adaptation of the target and the onset of the contralateral stimulus, during which the target itself is turned off, the lower the expected frequency of complete suppression from visibility. Both of these effects were previously found for overlapping regions of incongruent stimuli (Wolfe, 1984) and occur for the present stimuli as well (based on observations by one of the authors). The temporal dependence of both high levels of activation of the stimulus in one eye and low levels of activation of the stimulus in the other eye in order to establish reliable perceptual dominance and suppression was extensively studied recently (Brascamp, Knapen, Kanai, van Ee, & van den Berg, 2007) and the results are in strong agreement with the view of activation-dependent reciprocal inhibition and self-adaptation used to explain our current results.
There have been other demonstrations of suppression of a nonoverlapping target that may or may not be related to interocular competition. For instance, Maier, Logothetis, and Leopold (2005) used binocular presentation of a stimulus very similar to the rivalrous surrounds stimulus used here in Experiments 1 and 2. As there was no difference in the stimulation to the two eyes, it is very unlikely that any form of interocular suppression was involved. They describe their results as relating to Monocular Suppression between patterns with different orientations. For instance, strong suppression was found when the pattern of one surround matched that of the center grating, but when the orientation of neither surround matched the orientation of the center, much less suppression was observed. As the surrounds never matched the orientation of the target grating in our experiments, establishing a single pattern is not a requirement in order for interocular suppression to occur.
Some portion of the strength of Generalized Flash Suppression (Wilke, Logothetis, & Leopold, 2002) , however, may be due to interocular suppression. The greatest amount of suppression is observed when a target is presented monocularly, which is consistent with the results of Experiment 1. However, suppression of a target is still possible when presented binocularly if there is motion in the surround. Motion in the surround likely causes Motion Induced Blindness (Bonneh, Cooperman, & Sagi, 2001 ), which does not require monocular presentation of either the target or the suppressive surround, and thus does not likely involve any form of interocular suppression.
The outcome of the modeling suggests caution in automatically attributing different experimental results to the influence of different mechanisms. In order to obtain different results, some aspect of the experimental conditions must be changed. It may simply be that the change in the conditions activates the same mechanism in a different manner, leading to different experimental results. For that reason, it can be beneficial to reason about and implement a computational model that can account for seemingly disparate experimental findings in a parsimonious fashion.
